The detection and quantification of chemical and biological species are the key technology in many areas of healthcare and life sciences. Field-effect transistors (FETs) are sophisticated devices used for the label-free and real-time detection of charged species. Nanowire channels were used for highly sensitive detections of target ion or biomolecule in FET sensors, however, even significantly higher detection sensitivity is required in FET sensors, especially when the target species are dilute in concentration. Since the high detection sensitivity of nanowire FET sensors is due to the suppression of the carrier percolation effect through the channel, the channel width has to be decreased, leading to the decrease in the transconductance (g m ). Therefore, g m should be increased while keeping channel width narrow to obtain higher sensitivity. Single-electron transistors (SETs) are a promising candidate for achieving higher detection sensitivity due to the Coulomb oscillations. However, no reports of an SET-based ion sensor or biosensor existed, probably because of the difficulty of the room-temperature operation of SETs. Recently, room-temperature SET operations were carried out using a Si multiple-island channel structure. This review introduces the mechanism of ultra-sensitive detection of ions and biomolecules based on an SET sensor and the experimental results.
Introduction
The detection and quantification of chemical and biological species are crucial to many areas of healthcare and life sciences, ranging from the diagnosis of disease to the discovery of new drug molecules. The need exists also in the security and environmental fields. Various types of devices are now in production and being developed to meet this need. For the devices, radioactive or fluorescent markers are used in many cases. Since the methods using such markers involve time-consuming and multi-stage processes that are expensive and unsuitable for real-time detections, devices without such markers are desired for detection and quantification.
Field effect transistors (FETs) are sophisticated devices used for label-free and real-time detections of ions and charged molecules. Ion-sensitive FETs (ISFETs) were first reported by Bergveld [1] . Electrical characteristics of ISFETs change in response to the concentration and type of ion present in the aqueous solution on the gate insulator surface. Following the report, ion sensors and biosensors based on Si metal-oxide-semiconductor FETs (MOSFETs) were developed for the detection of various chemical species and biomolecules. Detections based on an FET measure the charge change accompanied by the specific molecular recognition events on the gate or the gate insulator surface. Gotoh et al. fabricated biosensors based on a Si MOSFET for the detection of adenosine-5 1 -triphosphate (ATP) [2] . Park et al. detected ribosomal protein using a Si MOSFET [3] . Kim et al. [4] and Sakata et al. [5] detected target deoxyribonucleic acid (DNA) using Si MOSFETs with the probe DNA immobilized on the gate surface and the channel surface, respectively.
FETs used for ion sensors and/or biosensors are not limited to Si MOSFETs. Graphene FETs were also used for detecting DNA [6] , bacteria [6] , protein and ions [7] . Organic FETs were also used for label-free DNA detection [8] . Compared with these non-Si FET sensors, sensors with a Si MOSFET have the merit of being able to be highly integrated on a single chip for the simultaneous detection and quantification of various ions and biomolecules by utilizing mature large scale integration (LSI) techniques.
Nanowire FETs for the sensors are substantially more sensitive than the conventional FETs having a wide channel; this is because carriers in a narrow channel are more effectively affected by the charge on the gate insulator than those in a wide channel. Highly sensitive detections of target ions or biomolecules were reported using nanowire channels in FET sensors [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . There are two types of nanowire fabrication methods. One is the bottom up method utilizing the self-assembled mechanism of atoms and molecules. The other is the top down method using electron beam (EB) lithography. For Si nanowires fabricated using the bottom up method, the following reports exist. Cui et al. detected streptavidin using biotin-modified Si nanowire FETs [9] . Here, streptavidin and biotin are kinds of protein, and the ligand-receptor binding of biotin-streptavidin is well known. The Si nanowire was fabricated using the chemical vapor deposition with gold nanoclusters as catalysts. Using Si nanowire FETs fabricated with this method, electrical detections were also achieved for a single virus of influenza A [10] , interactions between ATP and a protein [11] , and prostate-specific antigen (PSA) [12] . Here, PSA is a widely used protein biomarker for prostate cancer. For Si nanowires fabricated using the top down methods, on the other hand, the following reports exist. Stern et al. demonstrated immunodetections of mouse-immunoglobulin G and mouse-immunoglobulin A [13] . Li et al. detected target DNA in solution with the probe DNA (12-mer oligonucleotide) attached on the nanowire surface [14] . Kim et al. detected PSA with the antibody of PSA (anti-PSA) immobilized on the nanowire surface [15] . Kudo et al. [16] and Knopfmacher et al. [17] fabricated pH sensors. Materials other than Si were also used for nanowire FET biosensors. Carbon nanotubes are the typical material and were used for label-free protein biosensors [18, 19] .
However, FET sensors with even higher sensitivity than that of nanowire FET sensors for the detection of target species are preferable and desired, especially in a dilute solution of target ions or molecules. Single-electron transistors (SETs) are a promising candidate for achieving even higher detection sensitivity due to the Coulomb oscillations. There had been no reports on SET-based ion sensors or biosensors, probably due to the difficulty of the room-temperature operation of SETs and incompatibility of biomolecule solution processes with LSI fabrication processes. Recently, using a Si multiple-island channel structure for the room-temperature operation of SETs and the appropriate gate insulator structure for the solution processes, a pH sensor [20] and biomolecule sensors for the detection of streptavidin [21, 22] were developed based on SETs. The immunodetection of PSA has been also demonstrated using an SET [22] .
In this review, following this introduction, the mechanism for the ultrahigh-sensitive detection of ions and biomolecules using an SET sensor is first explained, and compared with the detection mechanism using a nanowire FET sensor. Second, there is a description of how to fabricate room-temperature operating SETs and the sensors with them. Then, the experimental results of pH, streptavidin, and PSA detections with SET sensors are introduced with their surface modification methods of the gate insulator. Finally, summaries with future prospective are provided.
Mechanism of High Sensitivity in Biomolecule Detection Based on a Single-Electron Transistor
After the attachment of charged biomolecule, drain current (I d ) changes from an on-current state (I d0 ) to an off-current state at the same gate voltage (V g0 ) due to the threshold voltage shift (∆V th ) of I d -V g curve (Figure 1 ). Therefore, sensitivity is closely related to both magnitudes of ∆V th and the change amount of I d (∆I d ) after the attachment. The larger the magnitudes of ∆V th and ∆I d , the higher the detection sensitivity of the biosensor. Based on the above consideration, there are two main mechanisms of increase for the detection sensitivity of an FET sensor. One is the increase in transconductance (gm). Since gm is defined as m d g g I V    , the FET sensor with a larger gm has a larger magnitude of Id (|Id|) after the attachment of charged target molecule, as shown in Figure 2 . Namely, owing to the larger gm for the FET1 in Figure 2 , the magnitude of Id change (|Id1|) for the FET1 is larger than that (|Id2|) for the FET2. . Schematic view to explain that the sensor that has a field effect transistor (FET) with a larger transconductance (gm) has a larger magnitude of the change in drain current Id (Id) after the attachment of charged target molecule. Owing to the larger gm for the FET1, the magnitude of Id for the FET1 (|Id1|) is larger than that for the FET2 (|Id2|). Vth is the threshold voltage shift after the attachment of charged target.
The other mechanism of the increase in detection sensitivity is the suppression of the effect of percolation for carriers to transfer through the channel in the case of the same polarity of charges between the target molecule and carrier. If the channel width is larger than the size of charged target biomolecule, carriers in the channel can avoid passing through the close region of the target biomolecule and can transfer through the channel; because of this, the percolation path and Id do not change very much from that prior to the attachment. On the other hand, if the channel width is small enough compared with the size of the target biomolecule, carriers cannot avoid passing through the close region of the molecule, leading to the disappearance of the percolation path and large changes to the Id. From the viewpoint of this mechanism, it is effective to decrease the channel width of FET to increase the detection sensitivity. With regard to this percolation effect, the sensitivity enhancement due to the decrease in the channel width of ISFET was confirmed by Monte Carlo simulation [23] . Here, the site percolation property of a finite-size two-dimensional square-lattice Based on the above consideration, there are two main mechanisms of increase for the detection sensitivity of an FET sensor. One is the increase in transconductance (g m ). Since g m is defined as g m " BI d {BV g , the FET sensor with a larger g m has a larger magnitude of ∆I d (|∆I d |) after the attachment of charged target molecule, as shown in Figure 2 . Namely, owing to the larger g m for the FET1 in Figure 2 , the magnitude of I d change (|∆I d1 |) for the FET1 is larger than that (|∆I d2 |) for the FET2. Based on the above consideration, there are two main mechanisms of increase for the detection sensitivity of an FET sensor. One is the increase in transconductance (gm). Since gm is defined as m d g g I V    , the FET sensor with a larger gm has a larger magnitude of Id (|Id|) after the attachment of charged target molecule, as shown in Figure 2 . Namely, owing to the larger gm for the FET1 in Figure 2 , the magnitude of Id change (|Id1|) for the FET1 is larger than that (|Id2|) for the FET2. . Schematic view to explain that the sensor that has a field effect transistor (FET) with a larger transconductance (gm) has a larger magnitude of the change in drain current Id (Id) after the attachment of charged target molecule. Owing to the larger gm for the FET1, the magnitude of Id for the FET1 (|Id1|) is larger than that for the FET2 (|Id2|). Vth is the threshold voltage shift after the attachment of charged target.
The other mechanism of the increase in detection sensitivity is the suppression of the effect of percolation for carriers to transfer through the channel in the case of the same polarity of charges between the target molecule and carrier. If the channel width is larger than the size of charged target biomolecule, carriers in the channel can avoid passing through the close region of the target biomolecule and can transfer through the channel; because of this, the percolation path and Id do not change very much from that prior to the attachment. On the other hand, if the channel width is small enough compared with the size of the target biomolecule, carriers cannot avoid passing through the close region of the molecule, leading to the disappearance of the percolation path and large changes to the Id. From the viewpoint of this mechanism, it is effective to decrease the channel width of FET to increase the detection sensitivity. With regard to this percolation effect, the sensitivity enhancement due to the decrease in the channel width of ISFET was confirmed by Monte Carlo simulation [23] . Here, the site percolation property of a finite-size two-dimensional square-lattice The other mechanism of the increase in detection sensitivity is the suppression of the effect of percolation for carriers to transfer through the channel in the case of the same polarity of charges between the target molecule and carrier. If the channel width is larger than the size of charged target biomolecule, carriers in the channel can avoid passing through the close region of the target biomolecule and can transfer through the channel; because of this, the percolation path and I d do not change very much from that prior to the attachment. On the other hand, if the channel width is small enough compared with the size of the target biomolecule, carriers cannot avoid passing through the close region of the molecule, leading to the disappearance of the percolation path and large changes to the I d . From the viewpoint of this mechanism, it is effective to decrease the channel width of FET to increase the detection sensitivity. With regard to this percolation effect, the sensitivity enhancement due to the decrease in the channel width of ISFET was confirmed by Monte Carlo simulation [23] . Here, the site percolation property of a finite-size two-dimensional square-lattice system was analyzed to investigate the effect of charged substances on the properties of ISFETs.
It should be noticed that the operation principle of biosensors with an FET is basically the same as that of floating dot memories, because the attachment of a charged biomolecule on the gate insulator in the biosensors plays the same role as the charge injection of a floating dot in the dot memories. For example, the detection of a biomolecule with an extremely small charge in solution using an FET sensor with a nanowire channel resembles the detection of a single electron injection to a floating dot of the single-electron memory [24] [25] [26] . The dependence of memory characteristics on the number and distribution of the floating dot were systematically analyzed experimentally and numerically for dots-on-nanowire memories with multiple Si nanoscale floating dots [27, 28] . From the numerical results in the case where the width of the channel is wider than the size of the floating dot ( Figure 3 ) [28] , the potential in the non-existing region of a floating dot was lower than that in the existing region ( Figure 4 ). This indicates the existence of a percolation path for electrons to pass through the channel when the width of the channel is wider than the size of the dot. It should be noticed that the operation principle of biosensors with an FET is basically the same as that of floating dot memories, because the attachment of a charged biomolecule on the gate insulator in the biosensors plays the same role as the charge injection of a floating dot in the dot memories. For example, the detection of a biomolecule with an extremely small charge in solution using an FET sensor with a nanowire channel resembles the detection of a single electron injection to a floating dot of the single-electron memory [24] [25] [26] . The dependence of memory characteristics on the number and distribution of the floating dot were systematically analyzed experimentally and numerically for dots-on-nanowire memories with multiple Si nanoscale floating dots [27, 28] . From the numerical results in the case where the width of the channel is wider than the size of the floating dot ( Figure 3 ) [28] , the potential in the non-existing region of a floating dot was lower than that in the existing region ( Figure 4 ). This indicates the existence of a percolation path for electrons to pass through the channel when the width of the channel is wider than the size of the dot. SET sensors should have extremely narrow Si nanowire barriers for the tunnel current to flow at room temperature. The FET sensors used for the comparison with the SET also should have such a narrow nanowire channel region that the tunnel current flows through it, making the percolation effect of carriers well suppressed in this nanowire region.
Because the Coulomb oscillations is modulated and weighted by the current flowing through the nanowire barrier regions, the gm at the corresponding Vg increases with increasing Vg for the SET sensors ( Figure 5 ). Therefore, the gm in the SET sensor can be larger than that in the FET sensor, whose channel consists of the nanowire barrier region, by increasing Vg. Hence, the sensitivity in the SET sensor can be higher than that in the FET sensor with the nanowire channel by increasing Vg. It should be noticed that the operation principle of biosensors with an FET is basically the same as that of floating dot memories, because the attachment of a charged biomolecule on the gate insulator in the biosensors plays the same role as the charge injection of a floating dot in the dot memories. For example, the detection of a biomolecule with an extremely small charge in solution using an FET sensor with a nanowire channel resembles the detection of a single electron injection to a floating dot of the single-electron memory [24] [25] [26] . The dependence of memory characteristics on the number and distribution of the floating dot were systematically analyzed experimentally and numerically for dots-on-nanowire memories with multiple Si nanoscale floating dots [27, 28] . From the numerical results in the case where the width of the channel is wider than the size of the floating dot ( Figure 3 ) [28] , the potential in the non-existing region of a floating dot was lower than that in the existing region ( Figure 4 ). This indicates the existence of a percolation path for electrons to pass through the channel when the width of the channel is wider than the size of the dot. SET sensors should have extremely narrow Si nanowire barriers for the tunnel current to flow at room temperature. The FET sensors used for the comparison with the SET also should have such a narrow nanowire channel region that the tunnel current flows through it, making the percolation effect of carriers well suppressed in this nanowire region.
Because the Coulomb oscillations is modulated and weighted by the current flowing through the nanowire barrier regions, the gm at the corresponding Vg increases with increasing Vg for the SET sensors ( Figure 5 ). Therefore, the gm in the SET sensor can be larger than that in the FET sensor, whose channel consists of the nanowire barrier region, by increasing Vg. Hence, the sensitivity in the SET sensor can be higher than that in the FET sensor with the nanowire channel by increasing Vg. SET sensors should have extremely narrow Si nanowire barriers for the tunnel current to flow at room temperature. The FET sensors used for the comparison with the SET also should have such a narrow nanowire channel region that the tunnel current flows through it, making the percolation effect of carriers well suppressed in this nanowire region.
Because the Coulomb oscillations is modulated and weighted by the current flowing through the nanowire barrier regions, the g m at the corresponding V g increases with increasing V g for the SET sensors ( Figure 5 ). Therefore, the g m in the SET sensor can be larger than that in the FET sensor, whose channel consists of the nanowire barrier region, by increasing V g . Hence, the sensitivity in the SET sensor can be higher than that in the FET sensor with the nanowire channel by increasing V g . The finding can also be confirmed by the theoretical analysis [22] . The equivalent circuit used for the analysis is shown in the inset of Figure 6 . Here, the number of Coulomb islands is assumed to be one, which corresponds to the case where only the smallest island among the multiple islands fabricated acts as a Coulomb island. The Id-Vg characteristics for the SET were calculated using the analytical formula of Id-Vg characteristics for the Coulomb oscillations in the classical regime, weighted by the Vg dependence of current flowing through the nanowire barrier regions. The analytical formula used for Coulomb oscillations is based on the orthodox theory as follows [29] [30] [31] :
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where kB, e, T, Vd, Cg, Cs, Cd, Csub, CΣ, and n are the Boltzmann constant, elementary charge, operation temperature, drain voltage, gate capacitance, junction capacitances at source and drain, capacitance between the island and the substrate, total capacitance, and electron number in the Coulomb island. Here, T was set to room temperature. The values of Cg, Cs, and CΣ were obtained from the measurement results of Coulomb oscillations for the SET biosensor in buffer solution [22] . RΣ is the total resistance of the barrier regions, and RΣ = 2RT, where RT is the resistance of a tunnel junction. In the fabricated SET sensors, the buffer solution covers not only Coulomb islands but also the nanowire barrier regions. Since the electric field applied by the voltage of the reference electrode changes the barrier height of the nanowire, the tunnel current through the nanowire junction changes with the voltage. The buffer solution also covers a part of the wide source/drain region and the connecting region between the nanowire barrier region and the source/drain region. The width of the connecting region gradually increased from the nanowire barrier region to the source/drain region in the fabricated devices. These regions act as additional resistance to the tunnel junction resistance in the fabricated SET sensors. If there are only these regions with the additional resistance in the channel of an FET, the analytical formula of the current I can be approximated under the charge-sheet model in the linear region as follows [32] : The finding can also be confirmed by the theoretical analysis [22] . The equivalent circuit used for the analysis is shown in the inset of Figure 6 . Here, the number of Coulomb islands is assumed to be one, which corresponds to the case where only the smallest island among the multiple islands fabricated acts as a Coulomb island. The I d -V g characteristics for the SET were calculated using the analytical formula of I d -V g characteristics for the Coulomb oscillations in the classical regime, weighted by the V g dependence of current flowing through the nanowire barrier regions. The analytical formula used for Coulomb oscillations is based on the orthodox theory as follows [29] [30] [31] :
, and R ř " R T`RT (2) where k B , e, T, V d , C g , C s , C d , C sub , C Σ , and n are the Boltzmann constant, elementary charge, operation temperature, drain voltage, gate capacitance, junction capacitances at source and drain, capacitance between the island and the substrate, total capacitance, and electron number in the Coulomb island. Here, T was set to room temperature. The values of C g , C s , and C Σ were obtained from the measurement results of Coulomb oscillations for the SET biosensor in buffer solution [22] . R Σ is the total resistance of the barrier regions, and R Σ = 2R T , where R T is the resistance of a tunnel junction. In the fabricated SET sensors, the buffer solution covers not only Coulomb islands but also the nanowire barrier regions. Since the electric field applied by the voltage of the reference electrode changes the barrier height of the nanowire, the tunnel current through the nanowire junction changes with the voltage. The buffer solution also covers a part of the wide source/drain region and the connecting region between the nanowire barrier region and the source/drain region. The width of the connecting region gradually increased from the nanowire barrier region to the source/drain region in the fabricated devices. These regions act as additional resistance to the tunnel junction resistance in the fabricated SET sensors. If there are only these regions with the additional resistance in the channel of an FET, the analytical formula of the current I can be approximated under the charge-sheet model in the linear region as follows [32] :
where µ eff , C ox , W, L, and V th are the effective mobility, gate oxide capacitance per unit area, effective channel width, effective channel length, and threshold voltage. From the formula, the g m independent of V g is obtained as
at [22] . Finally, it should be noted that if the size of the Coulomb island can be smaller than that in the above-mentioned SET sensor [22] , Cg, Cs, Cd, Csub, and CΣ, are smaller in Equations (1) and (2) . This leads to a larger gm. Furthermore, an extremely small island size leads to the SET operation in the quantum regime [29, 33] from the classical regime. Therefore, the maximum gm of the Coulomb oscillations of the SET can be much larger than that of the corresponding FET with the same nanowire width at the same Vd, even under the constant current through the tunnel junction with increasing Vg. Even if only the tunnel junction resistance is taken into account in the FET, the current through it increases with V g because the increase in V g decreases the barrier height. In the calculation of Coulomb oscillations, it was assumed that the current in the tunnel junction increases roughly linearly with V g because the precise shape of the barrier potential was unclear. Therefore, V g dependence on R T , including the contribution of the additional resistance, was set so that the current through the junction increases linearly with V g in the calculation.
The calculated results (solid curves in Figure 6 ) did, in fact, show the following points: I d at the peaks in I d -V g characteristics in the SET increases with increasing V g ; the maximum g m values appear at the V g values near the left-side half maximum of each I d peak. The maximum g m increases with increasing V g . At large V g values, the maximum g m values are larger in the case of an SET than the g m in a case where only the nanowire barrier region and the connecting region exist in the channel. In the latter case, the characteristics were calculated for the FET having a nanowire channel with the tunnel junction resistance and the additional resistance (broken curves in Figure 6 ). It should be noted that the V g values with the larger g m in the SET can be made to appear near 0 V by adjusting the dopant concentration in the channel and connecting regions. It is also noted that the larger g m values still appear in the case of SET, even if the current through the junction increases with V g more rapidly than linearly.
The experimental results of I d -V g characteristics for a fabricated SET biosensor in buffer solution at room temperature confirmed the above results and showed clear Coulomb oscillations in which the peak of I d increases with increasing V g [22] . Here, V g was applied by using a reference electrode. This I d increase is due to the increase in the current of the nanowire barrier region with increasing V g . The corresponding g m -V g characteristics showed that maximum g m values appear at the V g values near the left-side half maximum of each I d peak in the I d -V g characteristics, and that the maximum g m indeed increases with increasing V g as anticipated above [22] .
Finally, it should be noted that if the size of the Coulomb island can be smaller than that in the above-mentioned SET sensor [22] , C g , C s , C d , C sub , and C Σ , are smaller in Equations (1) and (2) . This leads to a larger g m . Furthermore, an extremely small island size leads to the SET operation in the quantum regime [29, 33] from the classical regime. Therefore, the maximum g m of the Coulomb oscillations of the SET can be much larger than that of the corresponding FET with the same nanowire width at the same V d , even under the constant current through the tunnel junction with increasing V g .
Single-Electron Transistor with Multiple Islands
In the fabricated SET sensors, Si dots were used as Coulomb islands, and the tunnel barriers were formed by the constriction of Si nanowire. The necessary condition for observing single-electron effects, including Coulomb oscillations, is that the charging energy of a Coulomb island should be larger than the energy of operation temperature:
Consequently, for the room-temperature operation of Si SETs with a single Coulomb island, the island size should be reduced to below 10 nm. In fact, several reports on Si SETs have indicated that the dimension of the Coulomb island should be around 5 nm or below for the room temperature operations [34] [35] [36] , although the precise size to achieve the room temperature SET operation depends on the individual device structure. However, it seems difficult to fabricate such Si SETs with the extremely small Coulomb island reproducibly, even by using current available fabrication techniques. One way to reduce the difficulty is to utilize serially connected islands instead of a single island in the channel region [37] . In such a serially connected multiple-island system, the effective junction capacitance C eff is smaller than that in a single-island system because the plural junction capacitances are connected in series. In the case of infinite number of serially distributed junction capacitances, for example, the capacitance C h seen from the edge of a half infinite array is smaller than a junction capacitance C as can be understood from the following relation:
where C 0 is a parasitic capacitance including gate and substrate capacitances [38] . The smaller C eff increases the charging energy e 2 /(2C Σ ) and leads to the increase in the operation temperature. Another reason for the advantage of serially connected islands to the room-temperature SET operation is that it increases the probability of the existence of an extremely small island with an extremely small total capacitance. With serially connected multiple Coulomb islands, a reliable SET operation is also possible. Generally, in a Coulomb blockade regime, a cotunneling process gives rise to leakage current [39] . The temperature dependence of the valley current of Coulomb oscillations was found to be well described by the inelastic cotunneling theory at high temperatures in the low V d region [40] . Since the inelastic cotunneling current can be suppressed by multiplexing Coulomb islands, SETs with multiple islands are promising for reliable operation [41] . Furthermore, it was theoretically found that periodic Coulomb oscillations appear with the period determined by the average capacitance in the multiple-island system under the small deviation of gate capacitances [42] .
Owing to the above advantages in the multiple-island system, the room-temperature operation of an exclusive-or (XOR) circuit [43] and the high-temperature operation of an exclusive-not-or (EXNOR) circuit [44] have been achieved. Therefore, for the SET sensors in this study, serially connected multiple islands were fabricated in the channel region.
Fabrication and Structure of Biosensors with a Single-Electron Transistor with Multiple Islands
In the SET biosensors, geometrically defined multiple islands were fabricated using EB lithography. A non-doped channel structure was adopted for pH detection [20] , and a highly doped channel structure was adopted to operate in the accumulation mode for the detections of streptavidin and PSA [21, 22] . The final thickness of the channel was less than 20 nm. The final island size and nanowire width were less than 20 nm and 10 nm, respectively. The nanowire region (constrict region in the channel) acts as a tunnel barrier due to the quantum size effect. The channel region, including all barriers and islands in the SET, was inside the solution chamber. The length of channel region was 3.0 µm. The diameter of the chamber was 0.5 cm. An Au reference electrode was used to control the V g of the SET through a buffer solution.
The process flow of the SET fabrication is as follows [20] [21] [22] . The thickness of the buried oxide on the B-doped (100) silicon-on-insulator (SOI) wafers used was 400 nm. For the SET with a highly doped channel, the doping (n-type) of the top silicon layer was carried out by POCl 3 diffusion. The doping level of the channel and source/drain regions was about 3.5ˆ10 20 cm´3. For the SET with a non-doped channel, no channel doping was performed. The fabrication process of a channel region includes EB lithography and dry etching. Subsequent isotropic wet etching in a solution of NH 4 OH/H 2 O 2 /H 2 O reduced the dimension of the channel and the damage introduced during the dry etching process [45] . The numbers of island were 11. Smaller numbers of island tended to increase the island size due to the proximity effect of the wide source/drain region in the EB lithography. Larger numbers of island, on the other hand, tended to increase the probability of disconnection in the nanowire barrier region. For the SET with a non-doped channel, the source and drain areas were formed by ion implantation of As + . Then, a Si 3 N 4 /SiO 2 stacked gate insulator was fabricated: A layer of SiO 2 , about 10 nm thick, was thermally grown, followed by the deposition of about 90-nm-thick Si 3 N 4 by low-pressure chemical vapor deposition. This Si 3 N 4 layer prevents the invasion of ions such as Na + and K + from the buffer solution into the inside of gate insulator, and enables reliable SET operation. After contact holes and Al electrodes were fabricated, the samples were annealed at 400˝C in an H 2 atmosphere. Then, a solution chamber or a fluidic channel was attached to the Si 3 N 4 /SiO 2 gate insulator.
For the fabricated SET sensor with multiple islands, clear Coulomb diamonds ( Figure 7 ) were observed at room temperature in the contour plot of I d as functions of V d and V b under the absence of buffer solution [20] . doping level of the channel and source/drain regions was about 3.5 × 10 20 cm −3 . For the SET with a non-doped channel, no channel doping was performed. The fabrication process of a channel region includes EB lithography and dry etching. Subsequent isotropic wet etching in a solution of NH4OH/H2O2/H2O reduced the dimension of the channel and the damage introduced during the dry etching process [45] . The numbers of island were 11. Smaller numbers of island tended to increase the island size due to the proximity effect of the wide source/drain region in the EB lithography. Larger numbers of island, on the other hand, tended to increase the probability of disconnection in the nanowire barrier region. For the SET with a non-doped channel, the source and drain areas were formed by ion implantation of As + . Then, a Si3N4/SiO2 stacked gate insulator was fabricated: A layer of SiO2, about 10 nm thick, was thermally grown, followed by the deposition of about 90-nm-thick Si3N4 by low-pressure chemical vapor deposition. This Si3N4 layer prevents the invasion of ions such as Na + and K + from the buffer solution into the inside of gate insulator, and enables reliable SET operation. After contact holes and Al electrodes were fabricated, the samples were annealed at 400 °C in an H2 atmosphere. Then, a solution chamber or a fluidic channel was attached to the Si3N4/SiO2 gate insulator. For the fabricated SET sensor with multiple islands, clear Coulomb diamonds ( Figure 7 ) were observed at room temperature in the contour plot of Id as functions of Vd and Vb under the absence of buffer solution [20] . 
Experimental Demonstrations of Biomolecule Sensing Based on a Single-Electron Transistor
Using the biosensors with an SET that has serially connected multiple Si islands, pH sensor and detections of streptavidin and PSA have been achieved.
Ion (pH) Detection
For the pH detection [20] , the Id-Vg characteristics were measured for three different buffer solutions: 50 mM phthalate, pH 4; 50 mM phosphate, pH 7; and 10 mM tetraborate, pH 9 ( Figure 8 ). The reference electrode in the buffer solutions was used as a gate. With the increasing pH, the Id-Vg curve shifted toward the high Vg side. Both in the increase and decrease in pH, the positions of Id-Vg curves for the same pH coincide well. Therefore, a reproducible pH response was observed using an SET biosensor for the first time. 
Experimental Demonstrations of Biomolecule Sensing Based on a Single-Electron Transistor
Ion (pH) Detection
For the pH detection [20] , the I d -V g characteristics were measured for three different buffer solutions: 50 mM phthalate, pH 4; 50 mM phosphate, pH 7; and 10 mM tetraborate, pH 9 ( Figure 8 ). The reference electrode in the buffer solutions was used as a gate. With the increasing pH, the I d -V g curve shifted toward the high V g side. Both in the increase and decrease in pH, the positions of I d -V g curves for the same pH coincide well. Therefore, a reproducible pH response was observed using an SET biosensor for the first time. 
Detection of Streptavidin
For the detection of streptavidin, a well-known ligand-receptor binding of biotin-streptavidin was used. Therefore, before the introduction of the target biomolecule (streptavidin), the corresponding receptor (biotin) had to be coupled to the surface of the gate insulator of the SET sensor. Then, the target biomolecules of streptavidin were introduced. After the ligand-receptor binding, the charge on the surface of gate insulator changed the electrical characteristics of the sensor. Figure 9 shows the surface modification of the gate insulator for the detection of streptavidin. After the silicon nitride surface was cleaned and amino-silanized, biotin was reacted with the surface. Then, the biotinylated surface was reacted with streptavidin. Negative Vg shift (Vg) of the Id-Vg curve of Coulomb oscillations was observed after the attachment of biotin to the surface of the gate insulator [21] . The successive addition of streptavidin resulted in a positive Vg, which was consistent with the negative charge of streptavidin in solution at pH 8.0-8.2. Therefore, biomolecule detection using an SET sensor was achieved for the first time [21] . The concentration of streptavidin was 10 μg/mL in the above measurement. Later, the detection of streptavidin binding down to 1 ng/mL (16 pM) was achieved ( Figure 10 ) using an SET sensor [22] . 
For the detection of streptavidin, a well-known ligand-receptor binding of biotin-streptavidin was used. Therefore, before the introduction of the target biomolecule (streptavidin), the corresponding receptor (biotin) had to be coupled to the surface of the gate insulator of the SET sensor. Then, the target biomolecules of streptavidin were introduced. After the ligand-receptor binding, the charge on the surface of gate insulator changed the electrical characteristics of the sensor. Figure 9 shows the surface modification of the gate insulator for the detection of streptavidin. After the silicon nitride surface was cleaned and amino-silanized, biotin was reacted with the surface. Then, the biotinylated surface was reacted with streptavidin. Negative V g shift (∆V g ) of the I d -V g curve of Coulomb oscillations was observed after the attachment of biotin to the surface of the gate insulator [21] . The successive addition of streptavidin resulted in a positive ∆V g , which was consistent with the negative charge of streptavidin in solution at pH 8.0-8.2. Therefore, biomolecule detection using an SET sensor was achieved for the first time [21] . The concentration of streptavidin was 10 µg/mL in the above measurement. Later, the detection of streptavidin binding down to 1 ng/mL (16 pM) was achieved ( Figure 10 ) using an SET sensor [22] . 
Detection of PSA
The immunodetection of PSA has been achieved using an SET sensor [22] . The surface modification of the gate insulator was carried out as follows ( Figure 11 ). After silicon nitride surface was anino-silanized, the surface was aldehyde-functionalized. Then, the surface was coupled to the antibody of PSA (anti-PSA). The immunodetection of PSA can be carried out using the specific binding of the antigen and antibody. For the binding event of 4 ng/mL of PSA to anti-PSA, a positive Vg of 30 mV was observed ( Figure 12 ). The positive Vg is consistent with the negative charge of PSA in solution at pH 7.5 due to the isoelectric point (6.9) of PSA. It should be noted that 4 ng/mL is the required detection level for practical use because this is the cut-off value for the precise inspection of prostate cancer. 
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The immunodetection of PSA has been achieved using an SET sensor [22] . The surface modification of the gate insulator was carried out as follows ( Figure 11 ). After silicon nitride surface was anino-silanized, the surface was aldehyde-functionalized. Then, the surface was coupled to the antibody of PSA (anti-PSA). The immunodetection of PSA can be carried out using the specific binding of the antigen and antibody. For the binding event of 4 ng/mL of PSA to anti-PSA, a positive Vg of 30 mV was observed ( Figure 12 ). The positive Vg is consistent with the negative charge of PSA in solution at pH 7.5 due to the isoelectric point (6.9) of PSA. It should be noted that 4 ng/mL is the required detection level for practical use because this is the cut-off value for the precise inspection of prostate cancer. For the binding event of 4 ng/mL of PSA to anti-PSA, a positive ∆V g of 30 mV was observed ( Figure 12 ). The positive ∆V g is consistent with the negative charge of PSA in solution at pH 7.5 due to the isoelectric point (6.9) of PSA. It should be noted that 4 ng/mL is the required detection level for practical use because this is the cut-off value for the precise inspection of prostate cancer. 
Summary and Future Perspectives
In this review, the feasibility of the ultrahigh-sensitive detection of ions and biomolecules using a Si SET biosensor was clearly proven through systematic study. Silicon structures are important for large-scale integration of SET sensors and the peripheral circuits. The mechanism for the ultrahighsensitive detection of ions/biomolecules based on an SET sensor was explained and compared with the detection mechanism using a nanowire FET sensor. Nanowire FET sensors can decrease the percolation effect by decreasing the channel width; however, it cannot increase gm because of the narrowness of the channel width. On the other hand, SET sensors can increase gm while keeping the channel width narrow, which leads to a decrease in the percolation effect. This was confirmed by theoretical and experimental analyses. Therefore, in principle, the sensitivity in an SET sensor can be made higher than that in a nanowire FET sensor by increasing Vg. Here, the Vg values with the larger gm in the SET can be made to appear near 0 V by adjusting the dopant concentration in the channel and the connecting regions between the channel and the source/drain.
From the requirement for room-temperature SET operation, the width of the island must be around 10 nm or less. SET biosensors have the clear advantage over nanowire FET biosensors in detecting the biomolecules with a size of around 10 nm or less. In the detection of biomolecules much larger than 10 nm, highly sensitive detection also can be carried out by using the nanowire FET sensor with a large channel width (the same width as the size of the biomolecule), because the gm of such FET sensors are very large. In contrast, nanowire barriers with a large width cannot be used for an SET in the detection of biomolecules much larger than 10 nm, because the quantum confinement effect does not occur and room-temperature SET operations are not possible with such wide nanowire barriers. Consequently, the gm of an SET cannot be increased by enlarging the width of nanowire barrier when detecting biomolecules much larger than 10 nm. The only means of increasing the gm of the SET in this case is to increase Vg. By increasing Vg, the resistance of nanowire barrier decreases. This leads to an increase in the current flowing in the nanowire barriers and the gm of SET. However, there is an upper limit of Vg applied for SET operation. When the resistance of a nanowire barrier becomes smaller than the resistance quantum (25.813 kΩ) by increasing Vg, the quantum fluctuation in the electron number in the island due to tunneling through the barrier becomes large, and this makes SET operation impossible [29] . Therefore, nanowire FET biosensors have greater sensitivity than SET biosensors in detecting extremely large biomolecules. However, even in this case, the actual size of the biomolecule may be much smaller than its nominal size due to the Debye shielding in the solution, which may make the sensitivity of SET greater. Experimental and theoretical research is necessary to clarify this.
The room-temperature operation of Si SETs is inevitably necessary for ion sensors and biosensors because these sensors use buffer solutions. Because a serially connected multiple-island channel structure is advantageous to room-temperature operation of SET, a pH sensor and biomolecule sensors for the detection of streptavidin have been developed based on the SETs with 
In this review, the feasibility of the ultrahigh-sensitive detection of ions and biomolecules using a Si SET biosensor was clearly proven through systematic study. Silicon structures are important for large-scale integration of SET sensors and the peripheral circuits. The mechanism for the ultrahigh-sensitive detection of ions/biomolecules based on an SET sensor was explained and compared with the detection mechanism using a nanowire FET sensor. Nanowire FET sensors can decrease the percolation effect by decreasing the channel width; however, it cannot increase g m because of the narrowness of the channel width. On the other hand, SET sensors can increase g m while keeping the channel width narrow, which leads to a decrease in the percolation effect. This was confirmed by theoretical and experimental analyses. Therefore, in principle, the sensitivity in an SET sensor can be made higher than that in a nanowire FET sensor by increasing V g . Here, the V g values with the larger g m in the SET can be made to appear near 0 V by adjusting the dopant concentration in the channel and the connecting regions between the channel and the source/drain.
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The room-temperature operation of Si SETs is inevitably necessary for ion sensors and biosensors because these sensors use buffer solutions. Because a serially connected multiple-island channel structure is advantageous to room-temperature operation of SET, a pH sensor and biomolecule sensors for the detection of streptavidin have been developed based on the SETs with the channel structure. The detection of PSA at the cut-off concentration (4 ng/mL) has been also achieved by the SET sensor, which leads to practical use.
One significant problem in achieving the integration of ultrahigh-sensitive SET sensors is that it is difficult to obtain the uniform I d -V g characteristics for the plural SETs, although room-temperature SET operation can be possible. Since the island size has to be on the order of 10 nm, simply by adopting the multiple-island channel structure for room-temperature SET operation, a size fluctuation of only a few nm leads to quite different I d -V g characteristics for the SET, which will make it difficult to integrate the sensors. More precise control of the size of the channel structure is necessary by refining the EB lithography or dry etching technique, although it would be very difficult to avoid the problem of line edge roughness for thin and long Si wire structures. A combination of the EB lithography technique and the self-limiting or assembling technique is another possible way to obtain reliable room-temperature SET operation. For example, Shin et al. reported the room-temperature operation of an SET with a Coulomb island less than 5 nm in size that was fabricated by combining the EB lithography with the pattern-dependent oxidation of Si nanowire [34] . By overcoming such problems, Si SET biosensors will open the door to an integrated single-chip sensor system suitable for multiplexed and simultaneous diagnoses with ultrahigh sensitivity.
